A synchronization scheme for a two-channel phase sensitive amplifier is implemented based on the injection-locking of single InP quantum-dash mode-locked laser. Error free performance with penalty <1 dB is demonstrated for both channels.
Introduction
Phase sensitive amplifiers (PSAs) have recently attracted a lot of interest due to their unique phase squeezing capabilities, which makes them an ideal technology platform for regenerating phase encoded modulation formats, i.e. differential phase shift keying (DPSK) [1] . Although their phase squeezing capabilities have been well known in literature for more than a decade [2] , a practical implementation that would allow them stand as independent, "black-box" elements in transmission links was missing until recently [3] . This was achieved using the synchronization scheme proposed in [4] , which combined carrier extraction and frequency generation functionalities along with optical injection-locking of a local laser to create the synchronized pumps of the PSA. Recently, this scheme was extended to demonstrate the first two-channel DPSK PSA using optical injection-locking of two independent single-mode lasers [5] .
However, increasing the number of channels in such a multi-pump "black-box" PSA, requires at its synchronization stage an equal number of additional local pumps, each one of them phase-locked to the corresponding extracted carrier. This makes the overall setup complicated and bulky; therefore, a solution that would enable multiple pump generation by synchronizing a single laser comb-source is expected to be preferable. The possibility of coherent frequency comb generation using dual-mode (two coherent lines) injection locking of InP quantum-dash mode-locked lasers (QDMLLs) has recently been demonstrated [6] . This capability enabled phase synchronization of many comb lines to only two coherent CW lines. In this paper, we demonstrate a powerful application of this injection-locking technique, which allowed us to create multiple synchronized pumps for phase sensitive amplification using a single QDMLL which was injection-locked by two extracted signal carriers. With the proposed scheme, phase sensitive performance was achieved with a gain swing larger than 7 dB as well as error free operation with a penalty of less than 1 dB for two optically phase-locked WDM channels.
Experimental arrangement and results
The experimental set up is illustrated in Fig. 1 . At the transmitter a comb generator consisting of two cascaded Mach-Zehnder modulators was used to create synchronized optical carriers spaced at 41.496 GHz. Two of them were selected at λ s1 =1558.431 nm and λ s2 =1558.759 nm and modulated in DPSK format at 10.374 Gbit/s with a pseudorandom binary sequence (PRBS) of 2 7 -1. Subsequently, the channels were decorelated by 20 km of conventional single mode fiber (SMF) and amplified by an EDFA at 11 dBm. At the carrier extraction stage of the PSA, two input signals mixed with a local DFB laser emitting at λ p1 = 1554.898 nm and were amplified to 30 dBm in a highly nonlinear fiber (HNLF). The HNLF had a length of 0.198 km, dispersion parameter -0.2 ps/(nm·km) (at 1550 nm), nonlinear coefficient 7.4 W -1 ·km -1 and attenuation of 14 dB/km [7] . At the HNLF output the two generated carriers were self-locked to the corresponding signals and the local pump and located at symmetric wavelengths with respect to them, as shown in Fig. 2(a) . The output of the HNLF was divided in two arms. In one arm, we used a band pass filter (3 dB bandwidth 4 nm) and two interleavers (50 GHz and 21.31 GHz, respectively) to select the carriers and clean them from the residual frequencies of the FWM process. Then the filtered spectrum, shown in Fig.  2(b) , was injected through a circulator to the QDMLL. The circulator was connected to the QDMLL through a lensed fibre introducing a typical loss of 3 dB. The output of the laser (-1.2 dBm) was then amplified by a 13 dBm EDFA and combined with the pump and signal spectrum of the other arm to a Wavelength Selective Switch (WSS). The WSS also removed unwanted frequencies from the carrier extraction process and selected the two signal channels and the three pumps; see Fig. 2(c) . The output of WSS was amplified by a 30 dBm high power EDFA before launched to a second HNLF (with the same parameters as first HNLF and with a length of 0.19 km) to form the PSA. We used a conventional feedback based phase-locked loop circuit to control a piezoelectric-based fibre stretcher (PZT) and compensate any slow thermal or acoustic induced phase drift between the interacting waves in both paths.
The QDMLL used in this experiment was a two-section device with total cavity length of 2030 µm, with 50 µm (≈ 2.5%) saturable-absorber section operating as self-mode-locked lasers [8] when the absorber was left floating, giving mode-locked frequency around 20.8 GHz. The device was mounted p-side up on an AlN submount and copper block with active temperature control. The optical spectrum of the injected signal and injection-locked QDMLL is shown in Fig. 3(a) . As can be seen, the injected modes had higher power than the non-injected ones by > 5 dB indicating they had more share of the total power of the injection-locked comb. This is beneficial for this scheme, as only the injected modes were used as pump sources. Despite the fact that the spacing of extracted carriers were four times the repetition rate of injectionlocked laser, the same locking mechanism as dual-mode injection at first harmonic occurred [6] . The RF spectrum of the laser when free running (without injection) and under injection-locking is depicted in Fig. 3(b) , where significant RF linewidth narrowing was observed. The Lorentzian fit to the RF linewidth of the free running laser was 270 kHz (not shown) whereas the RF linewidth of the injection-locked laser reduces to values beyond the resolution bandwidth (RBW) of the instrument. The inset in Fig. 3(b) shows the 80 Hz zoom of the peak with resolution bandwidth of 1 Hz; the 20 dB linewidth of the tone is estimated to be 3 Hz, indicating strong reduction of timing jitter of the device. This confirms the presence of phase-locking between the injected modes and extracted carriers. In comparison with dual-mode injection, we observed less RF signal to noise ratio in the wide RF span which is due to the additional noise generated as a result of imperfect carrier extraction scheme.
In order to suppress the residual phase modulation present in the extracted carriers, the injection ratio (ratio of injected power to the free running slave's power) should be kept as low as possible [9] (about -30 dB in this experiment). The phase sensitive amplifier was stabilized against thermal fiber expansion using a conventional phase-locked loop [5] and was observed at maximum and minimum gain for both channels, as shown in Fig. 3(c) . A 7.4 dB on-off gain was measured for both channels which may be increased by using higher pump powers. We also studied the performance of PSA in terms of BER measurements for both channels. Fig. 4 (a) depicts the BER for both channels in back-to-back and PSA output (maximum gain) against received power. By comparing the BER curves for both channels at the output, about 1 dB sensitivity penalty for BER of 10 -9 was observed, with negligible penalty at the FEC threshold around 10 
Conclusion
We demonstrated a two-channel 10.374 Gbit/s DPSK "black-box" PSA based on simultaneous phase synchronization of local pumps to incoming signals through novel injection-locking technique using a 21 GHz InP QDMLL. 7.4 dB phase sensitive gain and only 1 dB sensitivity penalty observed in the BER measurements of two channels at the output of the amplification stage. This scheme has the potential for extension to multiple channels towards more compact and efficient "black-box" PSAs. 
